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Rac1 modulates acute and subacute genotoxin-induced 
hepatic stress responses, fibrosis and liver aging 

A Bopp 1 ' 2 , F Wartlick 1 ' 2 , C Henninger 1 , B Kaina 2 and G Fritz*' 1 

To investigate the importance of the Ras-homologous GTPase Rac1 for the hepatic response to genotoxic insults and liver aging, 
rarf was deleted in liver of mice by Mx1-Cre-based recombination. Knockout of rad caused complex changes in basal as well as 
doxorubicin and ionizing radiation-induced mRNA expression of various genotoxic stress response-related genes, including 
hspalb, rad51, wrn and xpc. Rad deletion protected the liver from acute toxicity following doxorubicin treatment. Moreover, 
the level of S139 phosphorylated histone H2AX (yH2AX), which is indicative of DNA damage, and mRNA expression of 
pro-inflammatory (IL-6) and pro-fibrotic (CTGF, TGF/f, aSMA) factors were mitigated in rad knockout animals. By contrast, lack 
of rad promoted subacute hepatotoxicity, which was determined 3 weeks after injection of multiple low doses of doxorubicin by 
assaying the yH2AX level, mitotic index and pro-fibrotic gene expression. Regarding ionizing radiation, rad deficiency had no 
major effects on DNA damage induction or acute pro-inflammatory and pro-fibrotic stress responses. Mice lacking hepatic rad 
for extended period of time (15 months) revealed increased mRNA expression of fibrosis-related factors (CTGF, TGF/f, collagen, 
MMP1) and fibrotic tissue remodeling. In addition, protein expression of the senescence marker p16 was enhanced in the 
absence of rad. Taken together, the data provide evidence that Rad is required for doxorubicin-induced DNA damage 
induction. It is also involved in both the acute and delayed inflammatory and fibrotic stress response in the liver following 
doxorubicin, but not ionizing radiation, treatment and, furthermore, protects against endogenous liver aging. 
Cell Death and Disease (2013) 4, e558; doi:1 0.1 038/cddis.201 3.57; published online 21 March 2013 
Subject Category: Experimental Medicine 



Membrane-bound low molecular weight GTPases of the Rho 
(Rho = Ras homologous) family play pivotal roles in the 
regulation of a variety of cellular functions, including prolifera- 
tion, gene expression, transformation and apoptosis as well 
as actin cytoskeleton-related functions such as cell motility 
and cell adhesion. 1,2 Among the Rho family, the Ras-related 
C3 botulinum substrate 1 (Rad) is a key regulator of stress- 
activated protein kinases (SAPK/JNK), p38 kinase and 
extracellular regulated kinases (ERK), 3,4 NADPH oxidase 5 
as well as numerous transcription factors including NF-kB, 6 
AP1 , 7 Smad 8 ' 9 and Stat proteins. 10 Moreover, Rad signaling 
regulates mitosis and meiosis, 11 ' 12 which is in line with its 
recently reported nuclear localization and interaction with 



proteins of the replication machinery. 13 Rad is also highly 
important for tumor progression and metastasis as it controls 
cell-cell adhesion and epithelial-to-mesenchymal transition 
(EMT). 14 Rad affects Ki-Ras mediated lung carcinogenesis 15 
and cross-talks with the MLL-AF9 oncogene, which is 
important for development of acute myeloid leukemia. 16 ' 17 
Using transgenic technology it has further been shown that 
Rad is essential for B-cell development and signaling. 18 
Rad affects cell spreading and membrane ruffling, but does 
not influence the motility of macrophages. 19 

Bearing in mind the aforementioned key functions of Rho 
GTPases in the onset and progression of malignant diseases, 
therapeutic targeting of members of the family of Rho 
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GTPases is suggested to improve anticancer therapy. 20 ' 21 
One therapeutic option to interfere with Rho signaling are 
HMG-CoA reductase inhibitors (statins), which are widely 
used for cholesterol lowering purpose nowadays. They inhibit 
Rho signaling by depleting the cellular pool of isoprene 
precursor molecules, which are essential for C-terminal 
prenylation, correct intracellular localization and function of 
small GTPases. 22 Notably, most of the pleiotropic functions 
of statins have been attributed to the inhibition of RhoA and 
Rac1 . 23-26 For instance, inhibition of Rac1 signaling by statins 
or small-molecule inhibitors of Rac1 mitigates radiation- 
stimulated extravasation and metastasis in mice. 27 Antimeta- 
static effects have also been ascribed to pharmacological 
inhibition of Rho-kinase (ROCK) in vivo. 28 Moreover, 
pharmacological targeting of Rac1 and RhoA signaling has 
been suggested to protect normal cells and tissues from the 
deleterious effects of the anthracycline derivative doxorubi- 
cin 24 and ionizing radiation, 29 respectively. Despite the bulk of 
in vitro data argueing for a key role of Rac1 in genotoxin- 
induced stress responses, inflammation and cell death, its 
in vivo relevance for tissue specific stress responses and 
normal tissue damage following genotoxin-induced injury is 
largely unknown. 

In the present study, we aimed to investigate the so far 
unknown in vivo relevance of Rac1 for hepatic responses 
to genotoxic insult by use of a genetic mouse model. 
Establishing the in vivo functions of Rac1 is hampered by 
early embryonic lethality of gene targeted mice. 30 Here, we 
comparatively analyzed the acute and subacute doxorubicin 
and radiation response of transgenic R ac i flox/flox/Mx1 - Cre 
mice 18 that are characterized by a poly(l:C)-inducible Cre 
expression leading to a knockout of the rad gene in liver with 
that of corresponding control animals. The data obtained 
show that Rad deficiency has complex, both inhibitory and 
stimulatory, effects on doxorubicin-induced hepatic stress 
responses and tissue damage and, moreover, affects intrinsic 
liver aging. The results of our study provide first in vivo 
evidence that Rad is relevant for genotoxic stress responses 
and age-related processes in the liver. 

Results 

Characterization of poly(l:C)-induced knockout of 
rad in various tissues of R ac i flox/flox/Mx1 - Cre mice. To 
generate mice characterized by a genetic knockout of the 
rad gene in liver, we made use of the R ac i flox/flox/Mx1 - Cre strain 
described before. 18 Three weeks after i.p. injection of 
poly(l:C), which leads to the induction of Cre expression, 
genomic DNA of liver and other organs was isolated and 
analyzed as to the recombinational knockout efficacy of the 
rad gene by genomic PCR. In addition, rad mRNA and Rad 
protein expression were analyzed by qRT-PCR and western 
blot analysis, respectively. Poly(l:C) treatment resulted in a 
>90% reduction of rad DNA in liver tissue (Figure 1a). In line 
with this, racl mRNA expression was also reduced by >90% 
(Figure 1b). Western blot-based analysis revealed a decrease 
of Rad protein expression by about 75% (Figure 1c), which 
was confirmed by immunohistochemical analysis (Figure 1d). 
Apart from liver, poly(l:C) mediated Cre-recombinase driven 
racl knockout was also observed in bone marrow, peripheral 



blood, lung, spleen, heart and kidney, whereas no clear rad 
deletion was detectable in the intestine and brain 
(Supplementary Table 3). 

Hepatic rad knockout protects from acute doxorubicin- 
but not IR-induced DNA damage. DNA damage resulting 
from inhibition of topoisomerase II is considered as the most 
relevant anticancer effect of the anthracycline derivative 
doxorubicin 31 ' 32 and might also be of relevance for normal 
tissue damage (i.e., of heart and liver) caused by anthracy- 
clines. 24 ' 33 Previously obtained in vitro and in vivo data 
indicated that Rad signaling is important for doxorubicin- 
induced stress responses and cell death of endothelial cells 
as well as of heart and liver tissue. 24 ' 33-35 Here, we aimed to 
scrutinize this hypothesis using the aforementioned genetic 
mouse model, which is characterized by a poly(l:C)-inducible 
hepatic knockout of rad. To investigate the influence of 
Rad on acute liver damage following doxorubicin treatment, 
S139 phosphorylation of histone H2AX (yH2AX), which is a 
generally accepted marker of DNA double-strand breaks 
(DSBs), 36-38 was monitored. As shown by both western blot- 
based analysis of yH2AX protein levels and immunofluores- 
cence-based detection of yH2AX foci, we found that Rad 
deficiency significantly protects against doxorubicin-induced 
formation of DSBs as analyzed 48 and 96 h after single 
exposure to different doses of doxorubicin (10mg/kg BW 
and 15mg/kg BW, respectively) (Figures 2a and b). The 
genoprotective effect in the absence of Rad signaling 
was also observed 48 h after treatment with doxorubicin 
(10mg/kg) by western blot (Supplementary Figure S1A). 
Taken together, Rad signaling is required for doxorubicin to 
provoke genotoxicity in an acute setting. 

By contrast, IR-induced hepatic yH2AX phosphorylation, 
which was analyzed 72 h after total body irradiation (TBI) 
of mice with 6 Gy, was not altered when racl was deleted 
(Figures 2c and d). The residual level of yH2AX foci was 
0.8-1 .2 foci/cell independent of the rac 1 status of hepatocytes 
(Figure 2d). Also in non-irradiated animals, the number of 
hepatic y H2AX foci was very similar in wild-type (0. 1 6 foci/cell) 
and rac 7-deficient (0.13 foci/cell) animals. The racl status 
also did not influence H2AX phosphorylation at earlier times 
following irradiation (i.e., 24 h) (Supplementary Figure S1B). 
Overall, the data show that lack of racl does not cause a 
general hepatoprotection against the acute DNA damaging 
effects of genotoxins. Rather, genoprotection is specific for 
doxorubicin and does not comprise IR. Similar agent-specific 
differences have recently been observed following anthracy- 
cline and IR treatment of lovastatin pre-treated cells 33 ' 39 and 
animals. 24 ' 40 

Effect of hepatic rad knockout on basal and genotoxic 
stress-induced mRNA expression. In order to investigate 
the consequences of racl knockout on basal and genotoxin- 
induced mRNA expression of genes involved in the regula- 
tion of stress responses, a semi-customized PCR array was 
used. 24 ' 41 This array enables the quantitative analysis of the 
mRNA expression of 94 selected genes involved in DNA 
repair, DNA damage response (DDR), cell-cycle progression 
and death (see Supplementary Table 2). Under normal 
(non-exposed) conditions, a total of nine genes was found to 
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Figure 1 Efficacy of hepatic recombinational knockout of the rad gene following poly(l:C) treatment of transgenic R ac i flox/flox/Mx1 - Cre m j ce- R a c flox/flox mice either harboring 
the Mx1-Cre transgene (Mx1 - Cre + ) or not (Mx1 - Cre - ) were left untreated or were treated with poly(l:C) (3 x 0.5 mg) as described in Materials and Methods. Three 
weeks later analyses were performed. DNA (a), mRNA (b) and protein (c) were prepared from liver and analyzed as to the presence of rad gene, rad mRNA and Rad 
protein, respectively, as described in Materials and Methods, (a, b) To calculate the efficiency of the rad knockout on DNA and mRNA level, the total amount of DNA or mRNA 
was set to 100%. (c) ERK2 protein expression was monitored as internal protein loading control and the level in the untreated control (i.e., non-poly(kC) treated mice) was set 
1 00%. Quantitative data shown were obtained from n = 2 (Mx1 -Cre-) or n = 3 (Mx1 -Cre + ) mice per group. For cDNA preparation, the mRNA samples isolated from the mice 
of each group were pooled. Arrows indicate the position of wild-type rad (Rac1 flox ) and after Cre-mediated deletion/knockout of the rad gene (Rac1 del ). ***P< 0.001. (d) The 
amount of Rad protein in liver was analyzed by immunohistochemistry as described in Materials and Methods. Pictures were made with two different magnifications (top: 
x 20; bottom x 100). The result of one representative experiment is shown 



be differently (i.e., < 0.5-fold or > 2.0-fold) regulated in liver 
tissue when rad knockout mice were compared with the 
control. These genes code for transcription factors (c-Jun, 
c-Fos), cell-cycle regulators (Ccnel ( = Cycline E)), chemo- 
kine receptor (Cxcr4), heat shock 70kDa protein 1B 
(Hspalb) and DNA repair related factors (Rad51, Topoll/?, 
Wrn, Xpc) (Figure 3a). Next, we investigated the influence of 
Rad on the acute hepatic stress response provoked by 
genotoxins agents, that is, the anthracycline derivative 
doxorubicin and ionizing radiation (IR). As determined 48 h 
after i.p. injection of doxorubicin, Rad deficiency caused 
inhibition of doxorubicin-stimulated mRNA expression of 
cdknla (p21), hspalb (Hsp701b), icaml and topollft 
whereas it augmented the mRNA expression of the DNA 
repair gene rad51 and the cell-cycle-associated kinase weel 



(Figure 3b). Regarding IR-induced changes in gene expres- 
sion following 24 h after TBI, Rad deficiency exclusively 
resulted in inhibitory effects, most notably IR-induced mRNA 
expression of the DNA repair genes fen 1, topollft, wrn and 
xpc, the cell-cycle regulatory genes cdknla (p21) and ccnel 
(cycline E) and the heat shock gene hspalb (Figure 3c). 
Taken together, racl knockout in liver affected both basal 
and acute genotoxic stress-induced mRNA expression of a 
subset of genes important for the regulation of cell-cycle 
progression, heat shock response and DNA repair. The gene 
encoding the heat shock 70 kDa protein 1 B (Hspal b) showed 
altered hepatic mRNA expession in rac /-deficient mice 
under all experimental conditions tested. 

Regarding the mRNA expression level of detoxifying 
factors, we observed a slightly reduced basal mRNA 
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Figure 2 Influence of rad knockout on acute hepatic DNA damage induction following treatment of mice with doxorubicin or ionizing radiation. Rac1 TIOA " ,UA " v,A, " w, ° mice 
were left untreated or were treated with poly(l:C) (3 x 0.5 mg) every other day in order to induce Cre-mediated hepatic knockout of rad. Three weeks later, rad deleted 
(Rac1-ko) and wild-type (Rac1-wt) animals were exposed to a single high dose of doxorubicin (Doxo) (a, b) or were irradiated (TBI) (IR) (c, d). Rac1-wt, mice harboring wild- 
type rad; Rad -ko, mice with recombinational knockout of hepatic rad. (a) Animals were treated with 1 5 mg/kg doxorubicin. After 96 h, protein level of yH2AX was analyzed in 
whole liver extracts by western blot analysis. Quantitative data shown in the histogram are the mean ± S.D. derived from the analysis of n = 3 animals per group. *P< 0.05. 
(b) Forty eight and 96 h after treatment of mice with 1 0 and 1 5 mg/kg doxorubicin, respectively, the number of yH2AX foci was analyzed in liver tissue sections as described in 
Materials and Methods. Quantitative data shown in the histogram are the mean ± S.D. from n = 3-4 mice per group. ***P< 0.001 . (c) Animals were irradiated with 6 Gy. After 
72 h, protein level of yH2AX was analyzed in whole liver extracts by western blot analysis. Quantitative data shown in the histogram are derived from the analysis of n = 3 
animals per group, (d) Twenty four and 72 h after irradiation (6 Gy), the number of yH2AX foci was analyzed in liver tissue sections as described in Materials and Methods. 
Quantitative data shown in the histogram are the mean ± S.D. from n = 3-4 mice per group 



expression of glutathione-S-transferase isoform mu1 (gstml) 
in rad knockout animals as compared with the wild-type, 
whereas Nrf2-regulated heme oxygenase-1 (hmox-1) expres- 
sion was unaltered (Figure 3d), gstml and hmox-1 mRNA 
expression remained unaffected by the rad status following 
doxorubicin treatment (Figure 3e). After I R treatment, hmox-1 
mRNA levels were slightly enhanced in rad knockout mice 



(Figure 3e). Basal mRNA expression of the drug transporter 
mdr-1 remained unchanged in the absence of rad 
(Figure 3d). Following doxorubicin and IR treatment, mdrl 
m RN A expression was increased by about 8- to 1 2-fold in both 
wild-type and rad knockout mice (Figures 3e and f). Similar 
results were obtained for the drug transporter Mrp1 (data not 
shown). Regarding acute pro-inflammatory and pro-fibrotic 
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Figure 3 Loss of Rac1 modulates acute changes in gene expression induced 
by genotoxin exposure. R ac i flox/flox/Mx1 - Cre m j ce W ere left untreated or were treated 
with poly(l:C) (3 x 0.5 mg) every other day. Three weeks later, control mice that 
harbor the rad gene (Rac1-wt) or mice deleted for rad (Rac1-ko) were either left 
untreated (a), were treated with 10 mg/kg doxorubicin (Doxo) and were sacrificed 
48 h later (b) or were irradiated with 6 Gy (TBI) (IR) and sacrificed 24 h later (c) for 
qRT-PCR-based analysis of hepatic mRNA expression as described in Materials 
and Methods. For normalization mRNA levels of GAPDH and /?-actin were used. 
Differences in gene expression of < 0.5-fold or > 2-fold (indicated with the dotted 
lines) between treated and non-treated groups were considered as relevant. 
Differences in gene expression of >50% between Rac1-wt and Rac1-ko animals 
were also considered as relevant. Data shown are the mean ± S.D. from triplicate 
determinations using cDNA synthesized from pooled RNA samples of n= 3-4 mice 
per group, (a, d) Basal mRNA expression in the liver of rad knockout (Rac1-ko) 
animals was related to the expression in wild-type animals (Rac1-wt) which was set 
to 1.0. (b, c, e, f) Analysis of mRNA expression following genotoxin exposure was 
performed as described above. Relative mRNA levels in corresponding non- 
genotoxin-treated controls was set to 1 .0 

hepatic stress responses following radiation treatment, no 
major effects of rad deletion on the mRNA levels of IL-6, 
TGF/? and CTGF, which were analyzed 24 or 72 h after 
irradiation, were found (Supplementary Figure S2). 

Rad influences subacute doxorubicin-induced DNA 
damage in liver. Next, we addressed the question of 
whether Rad deficiency also protects the liver from 
subacute damage resulting from repeated exposure to 
doxorubicin. To this end, mice were treated with three single 



low (3 x 4 mg/kg BW or 3 x 6 mg/kg BW; i.p. injection once 
per week) doses of doxorubicin and analyses were 
performed 1 week after the last treatment. Rad proficient 
and deficient mice did not differ with respect to body and liver 
weight (Supplementary Figure S3). Opposed to the acute 
model, the level of yH2AX was increased in rac 7-deficient 
mice in the subacute setting (Figures 4a and b), indicating 
that Rad protects the liver from subacute genotoxic effects 
of doxorubicin. The mitotic index, which was analyzed by 
calculating the number of phospho-histone H3 (Ser1 ex- 
positive cells, was enhanced up to threefold in racl knockout 
mice (Figures 4c and d), pointing to a higher level of 
regenerative proliferation in Rad -deficient liver tissue. The 
basal frequency of pH3-positive cells was similar in wild-type 
(3.6 pH3 positive cells/mm 2 ) and rad knockout mice 
(3.4 pH3 positive cells/mm 2 ). In the subacute model, 
doxorubicin treatment caused a slight increase in the number 
of TUNEL-positive cells in wild-type animals. Rad knockout 
mice showed a moderately enhanced (30-40%) basal 
frequency of TUNEL-positive cells, which was not further 
enhanced following doxorubicin treatment (Figures 4e and f). 
Assaying the frequency of cell death 72 and 96 h after single IR 
and doxorubicin treatment, respectively, racl knockout animals 
revealed a slightly elevated number of apoptotic cells as 
compared with wild-type mice (Supplementary Figure S4). 

Effect of rad on doxorubicin-induced acute and 
subacute pro-fibrotic responses. Previously, inhibitory 
effects of statins on both radiation and doxorubicin-induced 
pro-fibrotic stress responses were reported. 24 ' 25 ' 35 ' 42 Bearing 
these reports in mind, we analyzed the consequences of 
hepatic rad deletion on acute and subacute pro-fibrotic 
responses. Lack of rad protected the liver from acute pro- 
fibrotic responses observed 96 h after doxorubicin treatment. 
This is reflected by a reduced mRNA expression of the 
pro-fibrotic cytokine connective tissue growth factor (CTGF) 
and a smooth muscle actin (aSMA) (Figure 5a). Doxorubicin- 
induced mRNA expression of TGF/? (Figure 5a) and the 
pro-inflammatory cytokine IL-6 (Supplementary Figure S5A) 
were enhanced in rac /-deficient liver tissue. Tissue 
sections prepared from rad knockout animals also revealed 
higher reactivity towards antibody detecting myeloperoxidase 
(MPO), which is indicative of ongoing inflammatory 
processes (Supplementary Figure S5C). Moreover, in the 
acute setting (i.e., 96 h after exposure), hepatic rad 
deletion mitigated fibrotic tissue remodeling as detected by 
Masson's-Goldner trichrome staining of liver sections 
(Figure 5c). 

Assaying subacute hepatotoxicitiy induced by doxorubicin, 
we observed that lack of racl promotes fibrotic events, such 
as the mRNA expression of the pro-fibrotic cytokine CTGF 
and aSMA (Figure 5b) as well as of TGF/? and type I collagen 
(Figure 5b). Basal mRNA expression of collagen I was 
elevated by threefold in the absence of racl (Figure 5). 
A tendential increase in fibrotic tissue remodeling was also 
detected by trichrome staining of liver sections (Figure 5c and 
5d). Moreover, the mRNA level of the inflammatory cytokine 
interleukin-6 (IL-6) was higher in racl knockout mice as 
compared with the wild-type following repeated doxorubicin 
treatment (Supplementary Figure S5B). 
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Figure 4 Influence of rad knockout on subacute stress responses following 
doxorubicin treatment, (a, b) Rad wild-type and rad knockout mice were 
repeatedly treated with doxorubicin (3x4 mg/kg (a) or 3x6mg/kg (b); one 
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the first injection of doxorubicin ( = 1 week after the last injection) liver was isolated 
for analysis. H2AX phosphorylation was measured in whole liver extracts by western 
blot analysis as described in Materials and Methods. Data shown are the 
mean ± S.D. from n = 5-6 mice per group. ***P< 0.001. (c, d) Mitotic index was 
determined in liver tissue sections by analysis of the frequency of phospho-histone 
H3 (pH3) positive cells. Data shown are the mean ± S.D. from n = 5-6 mice per 
group. **P<0.01. (e, f) The frequency of TUNEL-positive cells was calculated as 
described in Materials and Methods. Data shown are the mean ± S.D. from n = 5-6 
mice per group. **P<0.01 



Taken together, the biological consequences of hepatic 
rad knockout following treatment with doxorubicin depends 
on whether acute or subacute toxicity are analyzed. Rad 
deficiency protects the liver against acute geno- and 
cytotoxiticy of a single high dose of doxorubicin, whereas it 
promotes subacute toxic effects of the anthracycline observed 
after repeated exposure and longer post-incubation times. 
Therefore, we conclude that Rad -regulated signaling ame- 
liorates acute geno- and cytotoxicity after doxorubicin treat- 
ment, while it protects against the subacute hepatotoxic 
effects observed after repeated administration of the 
anthracycline. 

Rad is involved in the regulation of age-related 
processes in the liver. Bearing in mind the pleiotropic 



biological functions of Rad , we asked the question whether 
Rad might influence intrinsic age-related processes in the 
liver. To address this question, animals were comparatively 
analyzed 3 weeks or 15 months after poly(l:C) induced 
deletion of the rad gene in liver. For control, mice that 
have not obtained poly(l:C) injection (= wild-type) 
were used. Analysis of the rad status in R ac1 f'ox/fiox-Mxi-cre 
mice treated or not with poly(l:C) revealed that also in the 
non-treated (wild-type) animals part of the rad gene became 
deleted with age. The age-related partial deletion of the 
rad gene in the absence of poly(l:C) induced Cre 
expression (Figure 6a) discloses a partial leakiness of the 
Mx1-Cre system. 

Analyzing body weight of racl ko and wild-type animals, 
no significant differences were observed in the course of the 
observation period of 15 months (data not shown). Also, the 
ratio of organ/body weight, which was analyzed 15 months 
after poly(l:C)-induced recombinational knockout, was similar 
in racl wt and racl ko animals (Figure 6b). Histopathological 
analysis showed that fibrotic tissue remodeling was signi- 
ficantly enhanced in racl knockout animals and further 
increased with age in mice lacking hepatic racl gene 
(Figures 6c and d). Notably, protein expression of the 
senescence-related marker p16 was also largely enhanced 
when racl was deleted (Figure 6e). The mRNA expression 
profile also revealed differences in age-related processes 
between racl proficient and deficient animals. For incidence, 
the mRNA levels of the fibrosis-associated factors CTGF, 
TGF/?, collagen type I and aSMA increased with age in both 
racl ko and wild-type animals (Figure 7). As CTGF mRNA 
expression was reduced in both young and old racl knockout 
mice and TGF/? expression was largely unaltered (Figure 7a), 
the observed increase in fibrosis in the absence of racl 
(see Figure 6d) likely does not rest on a stimulated expression 
of pro-fibrotic cytokines. mRNA expression of type I collagen 
was found to be enhanced in the absence of rad (Figure 7b), 
while expression of matrix metalloproteinase 1 (MMP1) was 
reduced in racl ko animals (Figure 7c). The Rad status did 
not affect the mRNA expression level of the tissue inhibitor of 
matrix metalloproteinases 2 (TIMP2) (Figure 7c). Taken 
together, the data indicate that increased expression of 
collagen I and concomitantly reduced expression of MMPs 
favors fibrotic remodeling of liver tissue in racl ko animals. 
Regarding inflammatory processes, we observed a two- to 
threefold increase in the mRNA level of IL-6 in elder wild-type 
animals but not in rac 7-deficient mice (Figure 7d), indicating 
that racl is required for IL-6 mRNA expression. Moreover, 
deletion of racl for an extended period of time (i.e., 
15 months) results in the appearance of large areas 
(conglomerates) of MPO-positive cells (Figure 7e). These 
conglomerates are less frequent and much smaller in elder 
rad proficient animals (Figure 7e). As a further marker of liver 
integrity, we monitored the serum level of liver transaminases 
GPT and GLDH. As compared with racl wild-type mice, we 
found higher levels of GPT and GLDH in the serum of both 
young and old racl ko mice (Supplementary Table 4). 
Analysis of the serum level of urea and creatinine, which are 
indicative of kidney damage, was included for control and 
did not reveal any differences related to the rad status 
of the animals (Supplementary Table 4). 
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Figure 5 rad influences doxorubicin-induced acute and subacute pro-fibrotic stress responses, (a, b) Rac1 expressing (Rac1 -wt) or rad deleted (Rac1 -ko) animals were 
treated with a single high dose of doxorubicin (15 mg/kg) (Doxo) and analyzed 96 h later (a) (acute effects) or were repeatedly treated with doxorubicin (3x6 mg/kg) and 
sacrificed 21 days after the first injection (b) (subacute effects). mRNA expression level of selected marker of fibrosis (TGF/?, CTGF, aSMA, collagen I) was analyzed by 
qRT-PCR. Relative mRNA expression was normalized to the mRNA levels of GAPDH and /?-actin and set to 1 .0 in non-treated animals. Data shown are the mean ± S.D. from 
triplicate determinations using cDNA generated from pooled RNA samples of n = 3-6 mice per group, (c, d) For detection of fibrotic tissue remodeling, trichrome staining 
(Masson-Goldner) was accomplished as described in Materials and Methods, (c) The photograph shows a representative result, (d) Fibrosis score was analyzed under 
subacute setting as described in Materials and Methods. Quantitative data shown were obtained from n = 6 mice per group. Horizontal bar represents the median 



Discussion 

Previously, we reported that the lipid lowering drug lovastatin 
protects human endothelial cells 33 and rat cardiomyoblasts 
against the toxic effects of doxorubicin in vitro. 24 We also 
showed that it protects mouse liver and heart in vivo. 24,35 
These data together with the reports from other groups, 43 ' 44 
let us hypothesize that inhibition of Rad signaling by statins 
reduces normal tissue damage evoked by anthracyclines. 
Inhibition of Rad signaling has also been suggested to be of 
importance for the cardioprotective effects of statins. 26 More- 
over, inhibition of Rho/Rac signaling by statins was demon- 
strated to be radioprotective in vivo 25 ' 45 To scrutinize the 
relevance of Rad for genotoxin-induced responses in vivo, 
we made use of a Cre-LoxP-based knockout system, 
which enables an inducible recombinational deletion of the 



rad gene. 18 We found that poly(l:C)-induced expression of 
Cre-recombinase results in a highly efficient (>90%) knock- 
out of the rad gene in liver tissue. Not all tissues were equally 
responsive. The lowest levels of rad deletion were observed 
in intestine and brain. 

Using this model, we investigated the biological conse- 
quences of hepatic rad deletion on acute doxorubicin- and 
IR-induced DNA damage formation. We found that the level of 
DNA damage following doxorubicin treatment was reduced in 
rad knockout animals, pointing to genoprotection in the 
absence of Rad signaling. This observation is in line 
with our previously reported statin-based in vitro and in vivo 
data. 24 ' 33-35 Notably, rad deletion does not protect from 
acute IR-induced formation of DNA damage, showing that 
genoprotection resulting from lack of Rad is not a general 
phenomenon, but rather specific for anthracyclines. This is in 
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Figure 6 Long-term effects of rad knockout. Rac1 flox/flox/Mx1 ' Cre mice were 
treated with poly(l:C) as described in Materials and Methods in order to delete rad 
in liver. Analyses were performed 3 weeks or 15 months later, (a) DNA was isolated 
from liver and the level of rad recombinational knockout was analyzed as described 
in Materials and Methods in several animals, (b) The weight of selected organs was 
determined and set into relation to total body weight. Each group started with six 
animals. Altogether, three animals died during the period of 15 months. Data shown 
are the mean±S.D. from n = 4 (Rac1-ko) or n = 5 (Rac1-wt) mice per group. 
Differences were statistically not significant, (c, d) Fibrotic tissue remodeling of 
blood vessels was analyzed 3 weeks and 15 months after poly(l:C) induced rad 
knockout by Masson-Goldner trichrome staining and fibrotic score was calculated 
as described in Materials and Methods, (c) Representative results; (d) quantitative 
data shown are the mean±S.D. from n = 4 (Rac1-ko) or n = 5 (Rac1-wt) mice. 
***p< 0.001 . (e) Protein expression of the senescence marker p16 was analyzed in 
liver extracts of mice 3 weeks and 1 5 months after poly(l:C) induced deletion of rad. 
For protein loading control, expression of GAPDH was analyzed. Relative p16 
protein level in wild-type (wt) animals was set to 1.0. Left panel: representative 
result; right panel: mean ± S.D. from n = 4 animals per group 



line with previous reports showing that lovastatin neither 
affects the initial nor the residual level of DSBs observed after 
IR exposure of endothelial cells in vitro 39 or following TBI of 
mice. 40 Taken together, these results strongly support the 
view that Rad is essential for doxorubicin-induced formation 
of DSBs in the liver. Data obtained with endothelial cells and 
cardiomyoblasts suggest that the genoprotective effect 
resulting from the absence of functional Rad is neither 
related to mechanisms of drug transport nor ROS. 24 ' 33 
Accordingly, we report here that liver from rad knockout 



animals does not differ from control tissue with respect to the 
mRNA expression ofthedrug transporters Mdr-1 andMrp-1 or 
defence functions such as heme oxygenase-1 (HO-1) and 
glutathione-S-transferase (Gstml). PCR array-based analy- 
sis revealed that rad deletion caused complex alterations in 
the mRNA expression of the DNA repair factors Rad51 , XPC 
and WRN, which are involved in DSB repair, nucleotide 
excision repair (NER) and base excision repair (BER), 
respectively. The biggest difference in gene expression 
between racl wild-type and racl ko animals was observed 
for the gene encoding the Hspalb protein, which belongs 
to the family of Hsp70 proteins. The biological meaning 
of the differences in the mRNA expression patterns, which 
were observed under basal conditions and/or after treat- 
ment with doxorubicin and ionizing radiation, will be subject 
of forthcoming studies. Apart from reducing doxo- 
rubicin-stimulated hepatic DNA damage and mRNA expres- 
sion of susceptibility-related factors, rad deficiency also had 
complex effects on acute pro-fibrotic stress responses 
stimulated by doxorubicin. As analyzed by Masson-Goldner 
staining, racl deletion caused a reduction of acute pro-fibrotic 
tissue remodeling processes. These data are, again, in line 
with reports obtained in vitro. 24,40 Rad defect had no major 
consequences on IR-induced pro-fibrotic stress responses, 
indicating that the biological importance of Rad following 
acute genotoxic insults is agent specific. 

Interestingly, as opposed to the acute setting, racl deletion 
enhanced the level of DNA damage and promoted fibrotic 
processes when mice were treated repeatedly with doxo- 
rubicin. Thus, Rad has protective functions regarding 
subacute liver damage evoked by repeated anthracycline 
treatment. Based on the data we suggest that the biological 
relevance of Rad for doxorubicin-induced hepatic stress 
responses varies with time: Rad promotes acute toxic effects 
of doxorubicin whereas it protects from its subacute toxicity. 
This is in contrast to what has been observed with lovastatin, 
which functions in a protective manner in both acute and 
subacute settings. 24 Based on our in vivo findings presented 
here, we speculate that only acute protective effects of 
statins can be attributed to inhibition of Rad signaling. 
Protection from subacute anthracycline-induced toxicity by 
co-administration of statins might involve Rad independent 
mechanisms. Taking into account the data that have been 
obtained with ionizing radiation 29,42 it is tempting to speculate 
that additional inhibition of the Rho/ROCK pathway by statins 
is important for mitigating normal tissue damage caused by 
repeated exposure to doxorubicin. 

It should be noted that the Mx1-Cre based poly(l:C)- 
inducible knockout model does not allow a selective deletion 
of the racl gene in the liver only (see Supplementary 
Figure 3). This brings up the question whether poly(l:C)- 
induced rad deletion in other tissues than the liver might have 
influenced hepatic fibrosis. There is no obvious rationale to 
assume that deletion of racl in spleen, lung, heart or kidney 
affects DNA damage induction and acute stress responses of 
the liver following doxorubicin treatment. However, appreciat- 
ing a possible influence of racl deletion in cells of the 
hematopoietic system, in particular macrophages and 
neutrophils, for delayed (subacute) hepatic stress responses 
and fibrotic processes is more complex. Rad and Rac2 play 
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Figure 7 Loss of rad alters pro-fibrotic and pro-inflammatory gene expression as a function of time, (a-c) R ac i flox/flox/Mx1 - Cre m j ce were treated with poly(l:C) as described 
in Materials and Methods in order to delete rad in liver. Animals were sacrificed 3 weeks or 15 months later and mRNA expression of the indicated genes was analyzed by 
qRT-PCR as described in Materials and Methods. Data shown are the mean ± S.D. from triplicate determinations using cDNA generated from pooled RNA samples of n = 3-5 
mice per group, (a) Analysis of mRNA expression of pro-fibrotic cytokines, (b) Analysis of mRNA expression of fibroblast-derived pro-fibrotic factors, 
(c) Analysis of mRNA expression of factors involved in the regulation of matrix turnover, (d) mRNA expression of the pro-inflammatory cytokine IL-6 was analyzed by 
qRT-PCR as described in Materials and Methods. Data shown are the mean ± S.D. from triplicate determinations using cDNA obtained from pooled RNA samples of n = 3-5 
mice per group, (e) Liver sections were stained with anti-MPO antibody. Representative results are shown 



pivotal roles in the function of myeloid cells 46,4 and are key 
players for B- and T-cell development. 18 ' 48 Moreover, Rad is 
essential for the function of neutrophils 49 and affects cell 
spreading of macrophages, 19 ' 50 yet without influencing their 
migration. 19 Taking into account these reports, we cannot rule 



out the possibility that rad deletion in particular cell types of 
the immune system (indirectly) influenced the subacute 
(delayed) hepatotoxicity of doxorubicin or the age-related 
alterations observed. To address this concern, analyses of 
transgenic mice that are characterized by a specific deletion of 
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the racl gene in the liver, without concomitant racl deletion in 
cells of the immune system, is required. Therefore, we consider 
to include R ac i flox/flox/Alb - Cre m j ce into forthcoming studies. 

Recently, small GTPases have been suggested to be 
involved in the regulation of the TOR complex, 51 which 
determines life span. 52 Moreover, insulin signaling plays a key 
role in aging and Rad is important for insulin secretion 53 as 
well as insulin stimulated signaling. 54 Keeping in mind these 
reports we asked the question whether rad deletion affects 
age-related processes. To this end, mice were analyzed at 
different time points (i.e., 3 weeks and 15 months) after 
poly(l:C)-induced rad deletion and compared to correspond- 
ing non-poly(l:C) treated controls. Both at early and late time 
points after racl deletion, Rad -deficient mice revealed more 
signs of fibrosis than wild-type animals. Moreover, as 
compared with animals that lack racl for 3 weeks only, the 
expression of fibrotic markers was enhanced in mice lacking 
racl for 1 5 months. With increasing age, racl ko animals also 
showed hepatotoxicity as determined by the level of serum 
transaminases. In addition, the protein expression of the 
senescence-associated marker p16 was enhanced in racl 
deleted animals, supporting the view that anti-aging mechan- 
isms are regulated in a Rad dependent manner. 

Taken together, the data present the first in vivo evidence 
that the Ras-related GTPase Rad promotes acute and 
protects against subacute doxorubicin-induced stress 
responses of the liver and, moreover, counteracts processes 
that determine intrinsic hepatic aging. 

Materials and Methods 

Mouse experiments. Mice were bred under specific pathogen-free 
conditions in the local animal housing facility at the University Medical 
Center Mainz (Germany). To study the in vivo functions of Racl, we used 
Rac1 fiox/fiox/Mxi-cre mice wjth a C57BL / 6 background. 18 For routineous genotyping, 
a small part of the ear was used as a template for genomic PCR. Male and female 
animals at 3-4 months of age were used for experiments. To induce rad 
knockout, transgenic mice were treated three times every other day with 0.5 mg 
(i.p.) of synthetic double-stranded RNA polyinosinic— polycytidylic acid (poly(l:C)). 
Hepatic knockout confirmed 3 weeks after poly(l:C) treatment. For control, 
transgenic animals that have not been treated with poly(l:C) were used. For 
analyzing the biological consequences of rad deletion over time, R ac -| flox/flox/Mx1 - 
Cre mice were killed 3 weeks or 15 months after poly(l:C) injection and compared 
with corresponding non-poly(hC) treated controls. To study the influence of Rad 
on acute toxicity following genotoxin exposure, single treatment with doxorubicin 
(10mg/kg BW, i.p. or 15mg/kg BW, i.p.; analysis after 48 and 96 h, respectively) 
or TBI (6 Gy (Cs-137 source); analysis 24 or 72 h later) was performed. Genotoxin 
treatment started 3 weeks after poly(l:C)-induced Cre expression. To investigate 
subacute toxicity, doxorubicin treatment was performed once per week (3x4 mg/ 
kg BW, i.p. or 3 x 6mg/kg BW, i.p.) and analyses were done 3 weeks after the 
first doxorubicin injection. Different doxorubicin doses were used in order to 
address the aspect of dose-dependent responses. Group size was 3-6 animals 
per group. At the end of the experiments, organs were either fixed in 4.5% 
paraformaldehyde for (immuno)histological analyses or were frozen in liquid 
nitrogen for biochemical analyses. Also, blood samples were collected to 
determine blood cell count and serum parameters (routineously performed in the 
Institute of Clinical Chemistry and Laboratory Medicine of the University Medical 
Center Mainz, Germany). 

Preparation of DNA and genomic PCR analysis. Genomic DNA from 
tissue samples was isolated with lysis buffer (100mM Tris pH 8.5, 200 mM NaCI, 
10mM EDTA, 0.2% SDS, 0.4mg/ml proteinase K). After overnight incubation at 
55 °C, samples were heated (95 °C, 10min) to inactivate proteinase K. PCR 
reactions were performed using RED Taq ReadyMix (Sigma Aldrich, Steinheim, 
Germany) and specific primers (each 0.45 fiU), which were created by use of 



Primer3 software (primer sequence see Supplementary Table 1). After initial 
denaturation step (95 °C, 2min), 30 PCR cycles were performed (95 °C, 30 s; 
55 °C, 30 s; 72 °C, 45 s). To terminate the reaction, samples were incubated at 
72 °C for 10min. PCR products were analyzed by gel electrophoresis (1.2% or 
1.4% agarose gels) and visualized by ethidium bromide staining. 

Total mRNA purification, preparation of cDNA and qRT-PCR 
analysis. To purify total mRNA from different tissues, the RNeasy Mini Kit 
(Qiagen, Hilden, Germany) was used according to the manufacturer's instructions. 
The RNA yield was determined by measuring the OD260/280 ratio with Nanodrop 
(Peqlab, Erlangen, Germany). RNA was isolated from n = 3-6 animals per group 
and pooled for cDNA synthesis using the OmniScript Kit (Qiagen) according to the 
manufacturer's protocol. For each reaction, 2000 ng of total mRNA was applied. 
For quantitative real-time PCR analysis, SensiMix SYBR & Fluorescein Kit 
(Bioline, London, UK) and a MylQ Thermal Cycler (Bio-Rad, Munich, Germany) 
were used. The reactions were performed with 40 ng of cDNA (1:10 dilution) and 
specific primers (250 nM) according to the following protocol: 95 °C, 10 min; 
45 cycles of 95 °C, 15 s; 55 °C 15 s; 72 °C, 17 s. At the end of each run, the 
melting curve was recorded to ensure the specificity of the reaction products. 
Amplicons with cycle thresholds >35 were excluded from analysis. Data were 
analyzed with iQ5 Optical System Software 2.0 (Bio-Rad). A semi-customized 
PCR-array facilitating the analysis of the mRNA expression of 94 genes related to 
DNA repair, stress signaling, cell-cycle regulation and cell death was used. 41 
mRNA expression levels were normalized to the amount of GAPDH and ^-actin 
mRNA. To calculate drug-induced relative changes in mRNA levels, mRNA 
expression was related to that of corresponding controls which were set to 1 .0. 
Alterations in relative mRNA expression of <0.5 and >2.0 were considered as 
different from control. mRNA expression data obtained from screening analyses 
were confirmed by separate qRT-PCR analyses performed in triplicate. Since 
cDNA generated from pooled RNA samples (n = 3-6) was used for qRT-PCR 
analyses, statistical analysis was omitted in these experiments. The sequences of 
the primers used are depicted in Supplementary Tables 1 and 2. 

Preparation of protein extracts and western blot analysis. For 

preparation of total protein extracts, 15mg of corresponding tissue was 
homogenized by TissueLyser (Qiagen) in lysis buffer (Rotiload 1, Roth). 
The samples were sonicated and centrifuged (10 min, 10000 xg, 4°C). The 
supernatant was removed, heated to 95 °C and subjected to western blot analysis. 
To this end, proteins were separated by SDS-PAGE (10-15% polyacrylamide 
gels) and transferred onto nitrocellulose membranes. After blocking in 5% non-fat 
milk in TBS/0.1% Tween 20 for 60 min at room temperature, membranes 
were incubated with the primary antibody (1 : 100-1000; overnight at 4°C). After 
washing, incubation with infrared-labeled secondary antibody (1 :2000, 2h, room 
temperature) was performed. Bound antibodies were visualized using Odyssey 
Imager (LI-COR). The following antibodies were used: Rad (Millipore, Billerica, 
MA, USA), yH2AX (Epitomics, Burlingame, CA, USA), MPO (Abeam, Cambridge, 
UK), p16 (Santa Cruz, Santa Cruz, CA, USA), pH3 (Invitrogen, Paisley, UK), 
ERK2 (Santa Cruz). 

Immunohistochemistry and immunofluorescence. Paraffin- 
embedded tissues were cut into sections of 4^m. Xylol was used to remove 
paraffin and sections were rehydrated by ethanol/H 2 0 gradient according to the 
standard procedure. Fibrotic tissue remodeling was detected by trichrome staining 
using the Masson-Goldner-Kit (Merck, Darmstadt, Germany). Fibrosis was scored 
according to the following criteria: 1, no staining; 2, weak staining; 3, medium 
staining; 4 weak staining with infiltration; 5, strong staining; 6, medium staining 
with infiltration; 7, strong straining with infiltration; 8, strong staining with strong 
infiltration. To demask antigens for subsequent immunohistochemistry and 
immunofluorescence, rehydrated sections were incubated in Target Retrieval 
Solution (Dako, Hamburg, Germany) in a steam boiler for 40 min. Subsequently, 
sections were blocked with Protein Block (Dako) for 120 min and incubated with 
primary antibody (1 : 100; 4 °C; overnight). As secondary antibodies, HRP-coupled 
anti-rabbit/mouse (Dako) and Alexa Fluor 488-coupled anti-goat (Invitrogen, 
Darmstadt, Germany) antibody were used for immunohistochemistry and 
immunofluorescence, respectively. To visualize bound antibodies for immunohis- 
tochemistry Dako REAL EnVision Detection System (Dako) was used. For 
immunofluorescence, Vectashield (Vector, Burlingame, CA, USA), which includes 
the DNA staining dye DAPI, was applied. Tissue sections were evaluated 
microscopically (Olympus BX43; Olympus, Hamburg, Germany). 
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Analysis of cell death and proliferation. To analyze the frequency of 
apoptotic liver cells the InSitu Cell Death Detection Kit (Roche Diagnostics, 
Mannheim, Germany) was used. The frequency of mitotic cells, which is indicative 
of proliferation, was determined by calculating the percentage of phospho-histone 
H3-positive cells. Three to five liver sections per animal were scored. 

DNA damage analysis (yH2AX foci analysis). Induction of DNA 
damage was detected by analyzing the level of S139 phosphorylation of histone 
H2AX (yH2AX) by western blot analysis as well as by quantitation of the number 
of yH2AX foci per nucleus by immunofluorescence. Ser139 phosphorylated H2AX 
(yH2AX) is a well accepted surrogate marker of DNA damage, in particular of DNA 
DSBs. 36 For foci analysis, three to five liver sections per animal (n= 3-4 animals 
per group) were evaluated for calculation of the mean number of yH2AX 
foci/nucleus. 

Statistical analyses. For statistical analyses, student's f-test was used. 
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